Abstract: DNAzymes have enjoyed success as metal ion sensors outside cells.T heir susceptibility to metal-dependent cleavage during delivery into cells has limited their intracellular applications.T oo vercome this limitation, an ear-infrared (NIR) photothermal activation method is presented for controlling DNAzyme activity in living cells.T he system consists of athree-stranded DNAzyme precursor (TSDP), the hybridization of which prevents the DNAzyme from being active. After conjugating the TSDP onto gold nanoshells and upon NIR illumination, the increased temperature dehybridizes the TSDP to release the active DNAzyme,w hich then carries out metal-ion-dependent cleavage,r esulting in releasing the cleaved product containing afluorophore.Using this construct, detecting Zn 2+ in living HeLa cells is demonstrated. This method has expanded the DNAzyme versatility for detecting metal ions in biological systems under NIR light that exhibits lower phototoxicity and higher tissue penetration ability.
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Metal ions are vital components in biological systems, where they play important roles. [1] Thed isruptions in metal homeostasis are implicated in many severe diseases. [2] To understand the metal homeostasis in human health and disease,probes that can identify specific metal ion species and their subcellular locations are of significant interests. [3] Toward this goal, many fluorescent probes based on either small organic molecules or fluorescent proteins have been developed.
[4] Despite the efforts of numerous groups for many years,t here are only al imited number of metal ion sensors that were effective in sensing metal ions in cells,even though the large number of metal ions in the biological system demands am ore generalizable approach to develop sensors for as many metal ions as possible.Tomeet such ademand, we and others have taken advantage of DNAzymes or deoxyribozymes,which are DNAmolecules capable of performing enzymatic reactions in presence of metal cofactors. [5] In this complementary approach to rational design of fluorescent sensors,m etal-specific DNAzymes can be obtained by ac ombinatorial process called in vitro selection starting from alarge DNAlibrary of up to 10 15 combinations. [6] In this way,i ti sn ot necessary to have advanced knowledge to construct metal-binding site.T he selection process allows the binding affinity and selectivity of the DNAzymes to be finetuned by introducing different levels of stringency. As aresult, many DNAzymes with high selectivity have been obtained [5b,7] and then converted into metal sensors.
[8] These sensors are playing key roles in environmental monitoring, including monitoring Pb 2+ in municipal water system in public schools in the US. [9] In contrast to much progress made in using DNAzymes to monitor metal ions in the environment, applications of DNAzyme in imaging of metal ions in living cells have begun to appear only recently. [10] Am ajor barrier to the progress is that the DNAzymes can react with extracellular metal ions and cleave its substrate during the delivery process, before they reach the desired locations in cells.T oovercome this barrier,w eh ave developed ap hotochemical caging strategy to render the DNAzymes inactive during the delivery progress,and then activate the DNAzymes by UV light once the DNAzymes are inside the cells. [11] While this strategy has been demonstrated to work in living cells,i tr equires highenergy UV irradiation that can harm the cells.Therefore,itis highly desirable to develop methods to control DNAzymes activity without damaging the cells.W eherein report anovel method of near-infrared (NIR) photothermally activated DNAzymes conjugated to gold nanoshells (AuNS) for detection of metal ions in living cells.
We choose to use NIR light to control DNAzymes activity in living cells,b ecause it exhibits lower photo-toxicity while providing higher tissue-penetration ability than UV light. [12] AuNS are known to absorb NIR light and convert it efficiently into heat due to the large absorption cross-sectional inability to emit light. [13] This photothermal property of AuNS has been used in targeted drug delivery and cancer therapy. [14] One particular interesting feature of AuNS is that the NIR irradiation can release double stranded DNA (dsDNA) from AuNS by increasing the local temperature above the melting temperature of the dsDNA. [15] Taking advantage of these properties,w ed esigned at hree-stranded DNAzyme precursor (TSDP) consisting of an enzyme strand with ab lack hole quencher (BHQ2) at the 3'-end that can hybridize to as ubstrate strand with Cy5 at the 5'-end on the right arm (in orange,S cheme 1a), and to aL inker DNA strand with an À SH group at the 5'-end on the left arm (in purple). TheT SDP can be conjugated onto AuNS through thiol-gold chemistry.At378 8Cwhere the cells are cultured, the hybridization of the Linker DNAstrand (in blue) with the left arm of the enzyme strand, which is designed to display ac alculated melting temperature around 50 8 8C, prevents the enzyme strand from hybridizing to the left arm of the substrate strand at cell culture temperature (37 8 8C) and thus the DNAzyme from being active.
Since Cy5 is close to AuNS,t he Cy5 fluorescence is thereby quenched. Upon NIR irradiation, the local temperature around AuNS increased to above the melting temperature between the Linker strand and the enzyme strand, which causes arelease the enzyme and substrate strands from AuNS.O nce free of the Linker strand, the left arm of the enzyme strand can hybridize with the substrate strand to form an active DNAzyme.Inthis configuration, since Cy5 is next to BHQ2, the Cy5 fluorescence is quenched by BHQ2. In the presence of Zn 2+ ,t he substrate strand will be cleaved. Because the calculated melting temperature between the left arm of the DNAzyme and the cleaved product is around 20 8 8C, the cleaved product containing Cy5 will be released at 37 8 8Cfrom the enzyme strand and away from BHQ2, resulting in an increased fluorescent signal.
TheTSDP was prepared by heating and annealing the -SH modified Linker DNA( Lane 1, Figure 1 ) with the enzyme strand (Lane 2), resulting in ab and (Lane 4) with higher molecular weight (MW) consistent with hybridization between the two strands.T he thiolated DNAc ontains ap oly Ts pacer to avoid the steric interference of the AuNS to DNAhybridization. Theconstruct was then annealed with the substrate strand (Lane 3), resulting in as trong top band (Lane 6) with MW similar to that of the TSDP and am inor lower band consistent with hybridization of enzyme and substrate strand, like in Lane 5. In the presence of Zn 2+ ,t he enzyme/substrate strand in Lane 5d isplayed al ower MW band (Lane 7), suggesting that the substrate band was cleaved. In contrast, the top band, assigned to TSDP in Lane 6r emained the same in the presence of Zn 2+ (Lane 8), indicating that, even in the presence of Zn 2+ ,the DNAzyme is blocked from being active.T ot est the long-term stability of the TSDP,t he construct was incubated for 24 hi nt he presence of Zn 2+ .T he TSDP remained the same with little degradation (Supporting Information, Figure S1 ), suggesting that this TSDP is "caged" without being cleaved.
Having demonstrated successful preparation of the TSDP, we synthesized the AuNS according to the reported procedure. [13] As the transmission electron microscopy (TEM, Figure 2a )a nd scanning electron microscopy (SEM) (Supporting Information, Figure S2 ) images show,t he size of AuNS is about 150 nm. Illuminating the AuNS with 808 nm laser (1 Wcm À2 )f or 10 min. caused an increase in temperature that depended on the particle concentration (Figure 2b) . TheT SDP was conjugated onto AuNS using the modified salt-aging method. [16] TheT SDP-functionalized AuNS (called TSDP-AuNS hereafter) are similar in the shape and dispersity to those of bare AuNS (Figure 2c ). While suspending bare AuNS in the buffer containing 100 mm NaCl caused them to aggregate in several minutes,a si ndicated by the broad optical extinction spectrum (Figure 2d ,b lue line), redispersion of TSDP-AuNS in buffer caused minimal change to the UV spectrum, suggesting that the stability of the AuNS was significantly enhanced after the TSDP functionalization. Then umber of TSDP on each AuNS was calculated to be 3635 AE 534 using fluorescence method (Supporting Information, Figure S3 ). [13, 15] Furthermore,t he Cy5 fluorescence of TSDP-AuNS was completely quenched (Supporting Information, Figure S4 ).
After conjugating the TSDP onto AuNS,weevaluated the feasibility of TSDP-AuNS as ab iosensor in ab uffer (50 mm Tr is,1 00 mm NaCl, pH 7.4). As shown in Figure 3a ,t he TSDP-AuNS showed minimum fluorescence,i ndicating Cy5 has been nearly completely quenched by AuNS.The construct was irradiated for 15 min. using alaser with apower density of 1Wcm
À2
,which is commonly used for cellular study.
[15b] After NIR irradiation, in the absence of Zn 2+ ,t he construct displayed an enhanced fluorescence signal around 660 nm, consistent with the DNAzyme being released from AuNS,as shown in Scheme 1a.S ince BHQ2 is ap oorer quencher compared with AuNS,the fluorescence of Cy5 was recovered. Upon addition of Zn 2+ into the supernatant, the fluorescence was enhanced further by nearly fourfold, demonstrating that the cleaved product containing Cy5 has been released from the enzyme strand containing BHQ2. To support the above findings,w ef urther used polyacrylamide gel electrophoresis (PAGE). As shown in Figure 3b ,w ithout NIR irradiation or addition of Zn 2+ ,n oD NA band was observed on the supernatant (Lane 1a nd 4), suggesting that the DNAzymes stayed on the AuNS.NIR irradiation resulted in observation of aD NA band with MW consistent with that of the active DNAzymes (Lane 5). Ab and with as imilar MW was observed when the same system is treated with ah ot water bath (Lane 6), suggesting that the NIR photothermal decaging has the same effect as thermal decaging in releasing the active DNAzymes.U pon addition of Zn 2+ ,t he above NIR irradiated or thermally decaged constructs showed an even lower band (see Lane 2a nd 3, respectively) whose MW is similar to the cleaved products.T ogether,t hese results indicate successful controlled NIR photothermal caging and decaging of the TSDP-AuNS.T he response of released DNAzymes to different concentrations of Zn 2+ was tested (Supporting Information, Figure S5 ), which showed similar kinetics to free DNAzymes.
To achieve the best performance of the biosensor,w e optimized the length of the Linker DNA( Supporting Information, Figure S6 ). While the release efficiencies were very similar,t he SH-16 sequence consistently shows higher release efficiencyand thus chosen for further studies.Before we explored TSDP-AuNS for cellular studies,w et ested its stability and feasibility in cell lysate (Supporting Information, Figure S7 ). After a7hi ncubation, there was no fluorescent signal increase,i ndicating that the construct is stable in cell lysate.A fter NIR irradiation, adding Zn 2+ enhanced the fluorescence by 2.4-fold, which is similar to the result observed in the buffer, suggesting TSDP-AuNS can be used as abiosensor in cells.
Finally,w et ested the performance of TSDP-AuNS for sensing Zn 2+ in HeLa cells.The probe was incubated with the cells for 6hto allow sufficient uptake.Upon NIR irradiation, followed by the incubation of Zn 2+ ,confocal microscopy was used to compare samples with and without NIR irradiation and with and without Zn 2+ incubation. As shown in Figure 4 , without NIR irradiation and even with addition of Zn 2+ ,there was minimal fluorescent signal in the Cy5 channel, indicating successful photothermal caging of the DNAzymes.After NIR irradiation, but without addition of Zn 2+ ,s ome fluorescence of Cy5 was recovered, and this recovery may come from the released DNAzymes that reacted with endogenous mobile Zn 2+ .T of urther corroborate this finding, we added 10 mm Zn 2+ into the cells after NIR irradiation, and observed dramatic increase of the fluorescent intensity.Aco-localization study (Supporting Information, Figure S8 ) indicated that the fluorescence comes mainly from cytoplasm,suggesting that the AuNS can escape from lysosomes into cytoplasm To make sure that the fluorescent signal indeed comes from the catalytic activity of the DNAzyme,i nstead of intracellular DNAo rR NA nucleases-mediated substrate cleavage,weemployed either anon-cleavable substrate or an inactive mutant DNAzyme as negative controls (Supporting Information, Figure S9 ). Under the same condition, neither of two negative controls samples gave visible fluorescent signals, while the active DNAzyme with cleavable substrate showed enhance fluorescent signal, demonstrating that the fluorescent signal came from metal-ion specific catalytic activity of the DNAzyme.
To confirm that the observations from the above confocal images apply to the whole cell population, flow cytometry was employed (Supporting Information, Figure S10 ). HeLa cells treated with both NIR irradiation and Zn 2+ had ahigher level of fluorescence intensity than those with either no NIR irradiation or no Zn 2+ addition. Together, these results indicate that TSDP-AuNS can be employed to image metal ions in living cells.
In conclusion, we have developed aN IR light activated DNAzyme-AuNS system, and demonstrated its application in detecting metal ions in living cells.D uring their delivery into cells,t he activity of DNAzymes could be inhibited, protecting the substrate strand from being cleaved by extracellular metal ions.T he AuNS allows NIR light-activated photothermal dehybridization, which activate the DNAzymes for metal-dependent cleavage and release of products with fluorophore attached. This NIR activated DNAzyme-based sensing system broadens the range of applications of DNAzymes in living cells,making it apowerful tool for cellular imaging applications.
